t,-Profound arterial hypotension is a commonly used adjunct in surgery for aneurysms and arteriovenous malformations. Hyperventilation with hypocapnia is also used in these patients to increase brain slackness. Both measures reduce cerebral blood flow (CBF). Of concern is whether CBF is reduced below ischemic thresholds when both techniques are employed together. To determine this, 12 mongrel dogs were anesthetized with morphine, nitrous oxide, and oxygen, and then paralyzed with pancuronium and hyperventilated. Arterial pCO2 was controlled by adding CO2 to the inspired gas mixture. Cerebral blood flow was measured at arterial pCO2 levels of 40 and 20 mm Hg both before and after mean arterial pressure was lowered to 40 mm Hg with adenosine enhanced by dipyridamole.
I
NDUCED arterial hypotension is widely used during surgical procedures on aneurysms, arteriovenous malformations, and vascular tumors. L7'25'27'3~ Hyperventilation is also frequently used to lower the pCO2 and improve brain relaxation. In previous publications we have reported data on the effects of a new agent, adenosine, for inducing systemic arterial hypotension. 16 ,~7 Both induced hypotension and hypocapnia act to lower cerebral blood flow (CBF). This study was designed to examine the combined effects of adenosineinduced hypotension and hypocapnia, and to see if the combination reduced CBF to ischemic levels.
Materials and Methods
Twelve mongrel dogs weighing approximately 15 kg each were anesthetized with intravenous morphine (1.5 mg/kg), 70% nitrous oxide, and 30% oxygen. Muscular paralysis was achieved with pancuronium, 0.1 mg/kg intravenously. Morphine and pancuronium administration was repeated as needed. The animals were intubated and hyperventilated with a pump respirator,* CO2 was added to the gas mixture, and the pCO2 adjusted to the appropriate level. In all animals, measurements were made at normal blood pressures with the PaCO2 at 40 and 20 mm Hg. The blood pressure was then lowered to a mean arterial pressure of approximately 40 mm Hg, and all measurements were repeated again at a PaCO2 of 40 and 20 mm Hg. The order of CO2 changes was reversed on alternate dogs.
End-tidal CO2 was monitored continuously by a capnometer, t Temperature was measured by a Swan Ganz catheter thermistor,~ and was maintained at approximately 37~ with a warming blanket. Blood flow was measured using the radioactive microsphere technique with 15 _ 5-# (mean _ standard error of the mean) spheres labeled with cerium-141, gadolinium-153, scandium-46, strontium-85, and tin-113.w
Microspheres were injected at each determination into the left ventricle via a catheter that was inserted through the left femoral artery and positioned manometrically. Blood reference samples for blood flow calculations were obtained from catheters in the right femoral and brachial arteries with a blood withdrawal rate of 1.03 cc/min, beginning 30 seconds prior to microsphere injection and continuing for 3 89 minutes after injection. At the completion of each experiment, the animal was sacrificed; the brain was removed and divided into regions. In addition to studying regional flow to the brain, specimens from the stomach, liver, jejunum, heart, paraspinous and temporalis muscles, and cervical and thoracic spinal cord were obtained. Radioisotope activity was determined by differential spectroscopy using a scintillation spectrometer. ]] Systemic arterial pressure was monitored from a catheter placed in the left brachial artery. Central venous pressure, pulmonary artery pressure, and pulmonary artery wedge pressure were measured from a Swan Ganz catheter inserted into the pulmonary artery via the right femoral vein and descending vena cava. Cardiac output was measured with this catheter using the thermal dilution technique. Left ventricular and end diastolic pressure was measured via the pigtail catheter placed in the left ventricle. Sagittal sinus pressure was measured from a catheter inserted into the anterior one-third of the sagittal sinus and threaded caudally. Heart rate was derived from the electrocardiogram. All physiological parameters, except cardiac output, were recorded on an eight-channel strip chart recorder.* Electroencephalograms were recorded from four scalp electrodes on an eight-channel electroencephalograph, t At the time of each blood flow measurement, blood samples were obtained for determination of arterial blood gases, hematocrit, and oxygen content of blood.z~ Sagittal sinus blood was also obtained for determination of oxygen content, and the cerebral metabolic rate of oxygen was determined by multiplying the mean total hemispheric CBF by the difference between the oxygen content of the systemic arterial and sagittal sinus bloods. Cerebrovascular resistance was calculated by dividing the difference between the mean arterial pressure and sagittal sinus pressure by the total brain blood flow. Peripheral vascular resistance was calculated by dividing the mean arterial pressure by the cardiac index. Cardiac index was calculated by dividing the cardiac output by the animal's body weight in kilograms.
In each animal, one or two determinations of blood flow and cardiovascular measurements were obtained at each blood pressure and CO2 level. After adjusting the blood pressure and the pCO2, the animal was kept in a steady state for 30 minutes before parameters were measured. Data were analyzed where needed by the pooled t-test. All measurements are reported as the mean + standard error of the mean.
Results
There were no important changes in the blood gases, temperature, hematocrit, or serum electrolytes except as would be expected from the CO2 manipulations (Table 1) . At normal mean arterial blood pressures, hypocapnia produced no significant change in any cardiovascular parameter. When the systemic arterial pressure was reduced 59% with an intravenous infusion of adenosine potentiated by dipyridamole, the heart rate was reduced by 23%. The peripheral vascular resistance decreased 50% and the cardiac work was reduced by 62%. These changes in heart rate, mean arterial pressure, cardiac work, and peripheral vascular resistance all reached statistical significance. There was a tendency for the cardiac index to decrease an average of 25%. This, however, did not reach statistical significance. The stroke volume, pulmonary, and sagittal sinus pressures remained unchanged. When hypocapnia was added to the hypotension, there was no significant change in any (Table 2 and Fig. 1 ).
Blood flows d u r i n g n o r m o t e n s i v e hypocapnia showed reductions of flow to the left a n d right ventricles of 20% and 25%, respectively. The j e j u n u m , liver, and kidney also had blood flows m o d e r a t e l y reduced by 28%, 11%, and 8%, respectively. F l o w to the stomach a n d skeletal muscle was virtually unchanged. Blood flow to the brain and to the cervical and thoracic spinal cord was reduced by 33%, 37%, a n d 35%. During adenosine hypotension at n o r m o c a p n i a , blood flow to the left and fight ventricles was increased 45% and 65 %, respectively. Blood flow to the stomach, j e j u n u m , and liver was reduced 48%, 26%, a n d 56%, while blood flow to the kidney was r e 35% below the n o r m o t e n s i v e -n o r m o c a p n i c value (Table 4 a n d Fig. 3) .
A n e x a m i n a t i o n o f regional C B F showed that there was little difference in, or regulation of, flow at norm o t e n s i v e h y p o c a p n i a . All structures were r e d u c e d between 29% a n d 39% u n d e r these conditions. Blood flow * Values are mean -+ standard error of the mean. Analysis compares hypocapnic hypotension to normocapnic hypotension. The alteration of PaCO2 during hypotension had little effect on any organ blood flows other than the central nervous system. Both the total brain and spinal cord blood flows continued reactivity to CO2. Significance of difference: t = P -< 0.05; ~ = p _< 0.01; w = p _< 0.001. T h e effects o f h y p o t e n s i o n o n C B F h a v e also b e e n e x t e n s i v e l y investigated. ~L12,~5,~s-2~ T h e a n i m a l species a n d h y p o t e n s i v e p r o t o c o l as well as t h e p h a r m a c o l o g i c a l a g e n t u s e d will alter the c e r e b r o v a s c u l a r effect. Similarly, clinical p r o b l e m s , i n c l u d i n g t h e p r e s e n c e o f cerebral v a s o s p a s m , m a y c h a n g e the effect o f the h y p o t e n - sive a g e n t u p o n b o t h C B F a n d CO2 reactivity. 8 W h i l e each a g e n t has a d v a n t a g e s , nitroprusside a n d nitroglycerin c u r r e n t l y s e e m to be m o s t widely used. T h e s e agents m a i n t a i n a high baseline level o f C cerebral regions demonstrated continued reactivity t~ CO2 during hypotension, all blood flows continued to be above the levels associated with cerebral ischemia. Significance of difference: t = P -< 0.05; ~ = p _~ 0.01; w = p -< 0.001.
r e d u c t i o n s u n d e r a d e n o s i n e -i n d u c e d h y p o t e n s i o n at a P a C O 2 o f 40 m m H g were m o r e variable. W i t h the e x c e p t i o n o f the c a u d a t e nuclei, t h e s u p r a t e n t o r i a l s t r u c t u r e s h a d a flow r e d u c t i o n o f 30% o r greater. T h e b r a i n s t e m a n d c e r e b e l l u m , o n the o t h e r h a n d , had

D i s c u s s i o n
T h e p r o f o u n d effect o f CO2 as a c e r e b r o v a s o d i l a t o r has l o n g b e e n r e c o g n i z e d . T h e v a s o a c t i v e properties o f CO2 h a v e b e e n s t u d i e d o v e r a w i d e r a n g e o f c o n c e n t r ations, a n d these effects h a v e b e e n r e p o r t e d in a variety o f species. 24 A l t h o u g h e x p e r i m e n t a l c o n d i t i o n s m a y alter c e r e b r a l r e a c t i v i t y to CO2, s o m e r e a c t i v i t y r e m a i n s i f b l o o d p r e s s u r e is norlTlal. 2326'28 T h i s allows t h e use o f h y p e r v e n t i l a t i o n w i t h a r e d u c t i o n o
ers have recently reported the use of adenosine triphosphate or a d e n o s i n e as a hypotensive agent. While clinical experience with these agents is limited, laboratory work with these agents suggests that they m a y possess several advantages over currently used methods. Previously published work from this laboratory d e monstrated that, in a dog model, a d e n o s i n e -i n d u c e d h y p o t e n s i o n was easily achieved, m a i n t a i n e d , a n d reversed. It d e m o n s t r a t e d favorable h e m o d y n a m i c properties a n d m a i n t a i n e d good levels o f C B F in the face of p r o f o u n d hypotension. This occurred without evidence of systemic toxicity. 16~17 In this earlier work, however, the effect of adenosine h y p o t e n s i o n o n CO., responsiveness was not investigated. The c o m b i n a t i o n of hyperventilation with hypocapnia a n d h y p o t e n s i o n has been studied in a n u m b e r of models. In general, it appears that h y p o t e n s i o n will b l u n t the cerebrovaScular reactivity to CO2. '3~4 Investigators have n o t e d that nitroprusside-induced h y p o t e nsion does n o t cause a complete absence of CO2 reactivity, whereas h y p o t e n s i o n induced by h e m o r r h a g e or t r i m e t h a p h a n m a y cause all CO2 reactivity to cease. 3'~ T h e different effect m a y be related to the baseline C B F d u r i n g n o r m o c a p n i c h y p o t e n s i o n produced by each agent, rather than a direct effect of the drug. ' 2 In this study, adenosine-induced hypotension by itself caused blood-flow and hemodynamic changes similar to those previously published (30% reduction in total brain blood flow during a 59% reduction in mean arterial pressure, with a stable cardiac index.) ~6"~7 The effect of hypocapnia on the animal model used here demonstrated no unexpected changes. Cerebral blood flow was fairly uniformly reduced by approximately 35%. The combination of hypotension and hypocapnia, however, did cause several notable changes. The cardiac index was reduced further with the combination of hypotension and hypocapnia than with either condition alone. This reduction reached statistical significance as compared to the controlled state. Although the mechanism of this reduction of cardiac output is not clear, the effect has been noted before with hypocapnia alone. 29 We used hyperventilation throughout the experiment and adjusted PaCO2 by controlling the inhaled CO2; respirator changes cannot therefore be implicated. A comparison of CBF under hypotension or hypocapnia shows that reductions of approximately 30% to 35 % occurred in most regions. When the two conditions were combined, CBF was reduced approximately 45% in most regions. This reduction of 45% in blood flow approximates the maximum reduction that is achieved using extreme hypocapnia alone. 24 This is also the level of CBF at which CO2 reactivity is lost during hypotension with some other agents. 3`m'w'2~ Furthermore, examination of regional CBF appears to demonstrate that hypocapnia does not redistribute CBF between the brain stem and the tentorial structures in the same manner as hypotension alone. On a percentage basis, there is a relatively greater reduction in brain-stem blood flow with hypotension alone.
In summary, CO2 reactivity remains present during adenosine hypotension to a mean arterial pressure of 40 mm Hg in this model. This indicates that there is no primary inhibition of CO2 reactivity by adenosine and that baseline CBF during adenosine hypotension is maintained at an adequate level to allow further reactivity. The systemic and cerebrovascular effects of adenosine-induced hypotension combined with hypocapnia are mild. The effect of this combination of treatments on cardiac output needs to be verified in the human. Finally, the levels of CBF obtained in this model never reached ischemic levels. It appears from this study that hyperventilation to reduce brain bulk may be safely employed during adenosine-induced hypotension.
